orated by carbon, as the rod-like shape of an atmosphere is clearly visible in the carbon atom map taken from the perpendicular direction ( Fig. 3(b) ). A radius of gyration of the Cottrell atmosphere around the dislocation was calculated based on the maximum separation method and found to be l g (y)ϭ1 nm and l g (x)ϭ 2.8 nm. The segregation of carbon to dislocations occurred more likely in ferrite area in vicinity of martensite island, where the dislocation density is higher. The average carbon content of ferrite after PS/BH was also calculated from the analysed volumes without any visible segregation. It was found to be 0.04Ϯ0.005 at% (Table 5) , which is lower than average ferrite carbon content after IA.
Introduction
In recent years there has been an increasing demand for high strength, tough and ductile steels for the automotive and structural industries, as they provide an optimum combination of properties, cost and productivity. For automotive applications the main approach to achieving high strength with good formability has been through the development of multiphase steels, such as Dual Phase (DP) and Transformation Induced Plasticity (TRIP).
1,2) DP steels are characterised by the presence of a soft ferrite matrix, which provides good formability, and hard martensite islands, that control the strength of the steel.
3) The TRIP steel microstructure also contains a soft ferrite matrix, to control the formability, but with bainite and retained austenite to provide the strength and high levels of work hardening. 4, 5) In addition, the complex microstructure in both steels can increase the work-hardening rate in other ways, such as through the formation of mobile dislocations in the soft ferrite matrix and martensite twinning in the DP steel and the transformation of retained austenite to martensite during forming in the TRIP steel. [6] [7] [8] [9] The bake-hardening (BH) treatment has been used for both TRIP and DP steels to increase the yield strength of steels in the final body structure for the same thickness of steel sheet. The bake hardening concept was initially developed for very soft low carbon steels to provide improved dent resistance. However, in these new advanced high strength steels BH has been reported to increase the yield strength by up to 100 MPa after 2 to 10 % pre-straining (PS) using thermal conditions that simulate the paint baking of the car body. [10] [11] [12] Three different strengthening stages of BH in the multiphase steels have recently been identified 11) : (i) Cottrell atmosphere formation around mobile dislocations in ferrite, (ii) the precipitation of low temperature carbides in ferrite and (iii) formation of clusters and particles in martensite/ bainite.
11) The previous research has also shown that the dislocation substructure formed in polygonal ferrite as a result of martensite transformation during processing of the DP steel, and the microstructural changes such as TRIP effect in the TRIP steels, during pre-straining affect the BH behavior. 12) Hence, there are four major factors, that can affect the bake-hardening behavior: (i) the amount of carbon in solution, (ii) the formation of the dislocation substructure in ferrite, (iii) differences in the kinetics of strain ageing of the phases and (iv) the effect of strain partitioning between soft and hard phases during straining. 13, 14) Although the importance of these aspects for the aging behavior of intercritically annealed multiphase steels has been highlighted by many authors [11] [12] [13] [14] [15] [16] The bake-hardening (BH) behavior of TRansformation Induced Plasticity (TRIP) and Dual-Phase (DP) steels after intercritical annealing (IA) has been studied using transmission electron microscopy, X-ray diffraction and three dimensional atom probe tomography. It was found for the DP steel that carbon can segregate to dislocations in the ferrite plastic deformation zones where there is a high dislocation density around the "asquenched" martensite. The carbon pinning of these dislocations, in turn, increases the yield strength after aging. It was shown that bake-hardening also leads to rearrangement of carbon in the martensite leading to the formation of rod-like low temperature carbides in the DP steel. Segregation of carbon to microtwins in retained austenite of the TRIP steel was also evident. These factors, in combination with the dislocation rearrangement in ferrite through the formation of cells and microbands in the TRIP steel after pre-straining, lead to the different bake-hardening responses of the two steels.
spatial resolution methods, such as Atom Probe Tomography (APT), can be used to accurately study these features. The main objective of the current study was to increase the fundamental understanding of the effect of carbon on the aging behavior of different phases in multiphase DP and TRIP steels using a unique combination of TEM and APT.
Experimental
Both steels with the compositions shown in Table 1 were produced by a standard cold rolling and intercritical annealing (IA) at 780°C for 180 s after that the DP was quenched, while the TRIP steel was cooled to 400°C and held for 300 s followed by quenching.
Tensile samples were prepared from each material and pre-strained (PS) in tension to 5 % and then baked at 175°C for 30 min. The BH conditions were chosen based on the maximum hardness response.
Room temperature mechanical properties of the samples after IA and after PS/BH were determined using an Instron 4500 servohydraulic tensile testing machine with a 100 kN load cell. The crosshead speed was fixed at 0.5 mm/min. Subsize samples with a 25 mm gage length, 6 mm in width and 2 mm in thickness were used to minimize the amount of material. A series of six experiments was used to define the average values of ultimate and yield strengths, total and uniform elongations. The yield strength was defined by the 0.2 % offset method.
The bake-hardening response was measured as the difference between the upper yield strength after bake-hardening treatment and the flow stress after pre-straining. 17) Optical microscopy and image analysis software (Adobe Photoshop TM equipped with image analysis plug-ins) were used to estimate the volume fraction of ferrite by area percent as the ratio of the total detected phase area to image frame. Eight to ten images were used to estimate the average value.
X-ray diffraction on a Philips PW 1130 (40 kV, 25 mA) diffractometer was used to identify the volume fraction of retained austenite and corresponding carbon content.
18) The retained austenite content was calculated from the integrated intensities of the (200) a , (211) a , (200) g and (220) g peaks using the direct comparison method.
18) (*PHILIPS is a trademark of Philips, Holland.)
The carbon concentration in the retained austenite lattice was calculated using the following equation 19) : (2) where N L is the number of intersections with dislocations made by random lines of length L, and t is the foil thickness. The foil thickness (t) was determined from intensity oscillations in the two-beam convergent beam electron diffraction (CBED) patterns. 21) Selected samples were studied using carbon replicas prepared from 2 % Nital etched samples that were carbon coated. The carbon films were then removed from the surface using 10 % Nital and were collected on a Cu grid. The particle analysis of the replicas was performed using Qualitative energy dispersive X-ray spectroscopy (EDXS). The nominal beam diameter was ϳ2-3 nm and the diameter of condenser aperture was 50 mm.
Atom Probe Tomography (APT) analysis used the Local Electrode Atom Probe (LEAP) at the University of Sydney. The samples for APT were electropolished using standard two-stage procedure.
22) The local electron atom probe was operated at a pulse repetition rate of 200 kHz, a 0.2 pulse fraction and with a sample temperature of 80 K. The strain-hardening rate curves for both steels showed a continuous exponential decrease (Figs. 1(b), (d)). The PS/BH post processing led to the appearance of upper and lower yield points and yield point elongation for both steels ( Fig. 1(a) , (c)). However, the stress-strain curve of the TRIP steel at the upper yield point showed a more rounded shape compared to the DP steel. The strain-hardening rate of the DP steel revealed the transition from a continuous yielding behavior to the formation of a local minimum followed by a higher strain-hardening rate ( Fig. 1(b) ), while the strain hardening rate of the TRIP steel still showed a continuous decrease ( Fig. 1(d) ). Both steels displayed a noticeable bake-hardening response, with increases in the yield and ultimate tensile strengths, while the elongation deteriorated in both steels ( Table 2 ). The differences in the stress-strain and strain-hardening rate behaviors of TRIP and DP steels after IA and after PS/BH could be a result of microstructural features formed after PS/BH. The micro- structural characterization of these features is the focus of the next section.
Results

Mechanical Properties of the DP and TRIP Steels after IA and PS/BH
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Microstructural Characterisation of DP Steel be-
fore and after PS/BH Using TEM and APT Microstructural characterisation of the DP steel after IA revealed the presence of 75Ϯ5 % polygonal ferrite, 15Ϯ4% martensite and a small amount of retained austenite and bainite (Figs. 2(a) and (b)). The ferrite grain size of the DP steel was 9.0Ϯ1.9 mm.
The study of dislocation substructure in ferrite is important here since the density of mobile dislocations and formation of dislocation substructure, such as cells or bands, can control the BH behavior. An average dislocation density of 0.96Ϯ0.04ϫ10 14 m Ϫ2 for the polygonal ferrite grains was calculated based on the TEM study of the areas distant from any grain boundary or polygonal ferrite/martensite interface (Table 3) . However, TEM observations of the areas in the vicinity of martensite islands displayed a local increase in the dislocation density to 5Ϯ0.8ϫ10 14 m Ϫ2 (Table  3 , Fig. 2(c) ) near the ferrite/martensite interface. This is likely to be due to the stress propagation of the martensite into the soft ferrite matrix associated with the volume increase when martensite forms. Some martensite/ retained austenite constituents were observed between ferrite grains in the DP steel ( Fig. 2(d)) . A large number of fine and coarse Fe 3 C carbides in the ferrite matrix of the DP steel was also observed (Fig. 2(e) ).
Since the BH behaviour of the DP steel is controlled by the concentration of interstitial carbon in ferrite to pin the dislocations, it is important to measure the solute redistribution in the various phases. APT was used to study the partitioning of carbon and alloying elements in the phases of the DP and TRIP steels before and after PS/BH. APT also has the necessary spatial and mass resolution to perform analysis on solute atom segregation to dislocations, which is deemed to be the main mechanism involved in the bake-hardening of multiphase steels. The matrix composition was calculated from the volumes without visible elemental segregation or particle formation based on the number of atoms analyzed and using noise subtraction. The average carbon content of ferrite in the DP steel was found to be 0.06Ϯ0.01 at%, while for the martensite it was 2.8Ϯ0.2 at% ( Table 4) .
The carbon atom maps of ferrite and martensite showed the homogeneous redistribution of carbon within the volume. The Si content of ferrite was slightly higher than the average from the steel composition, while Mn was almost the same (Tables 1 and 4 ). The levels of Si and Mn were higher in martensite than in ferrite (Table 4) . Since the retained austenite and bainite volume fraction in the DP steel was relatively low, these phases were not detected by APT in the samples examined.
The TEM microanalysis on the DP steel after PS/BH did not reveal significant microstructural changes except an increase in the average dislocation density of the ferrite (Table 3 ) and the evidence of martensite twinning ( Fig.  2(f) ).
The main aim of the APT study on the PS/BH DP steel was to find the carbon segregation to dislocations in ferrite since this mechanism is expected to control the BH behavior. This study is very challenging task, due to the small volume of analysis of the three-dimensional atom probe compared to the physical extent of the dislocations. However, several atom maps of the DP samples after PS/BH showed an increased level of solute carbon along linear features ( Fig. 3(a) ). For clarity, all other elements are not shown. These features are likely to be the dislocations dec-orated by carbon, as the rod-like shape of an atmosphere is clearly visible in the carbon atom map taken from the perpendicular direction (Fig. 3(b) ).
A radius of gyration of the Cottrell atmosphere around the dislocation was calculated based on the maximum separation method and found to be l g (y)ϭ1 nm and l g (x)ϭ 2.8 nm. The segregation of carbon to dislocations occurred more likely in ferrite area in vicinity of martensite island, where the dislocation density is higher. The average carbon content of ferrite after PS/BH was also calculated from the analysed volumes without any visible segregation. It was found to be 0.04Ϯ0.005 at% ( Table 5) , which is lower than average ferrite carbon content after IA.
While all atom maps of martensite crystals in the DP steel after IA had a uniform redistribution of carbon, APT study of PS/BH samples revealed the formation of rod-like fine iron carbides in individual martensite islands and also in martensite regions of martensite/retained austenite constituents. The representative carbon atom map and isoconcentration surface of martensite/retained austenite constituent after PS/BH treatment are shown in Figs. 4(a) and (b). It could be seen clearly that one part of this sample has homogeneous redistribution of carbon without visible segregation of carbon atoms, while another part has non-homogeneous redistribution of carbon (Figs. 4(a) and (b) ).
The average carbon content of sample volume with homogeneous redistribution of carbon was 5.0Ϯ0.5 at% and is close to the carbon value in retained austenite. The average carbon content of the matrix from the part of the sample with non-homogeneous redistribution of carbon was 2.2Ϯ 0.1 at% (Table 5) , which is twice less than the carbon content in austenite and corresponds to the concentration of C in martensite. The average carbon content and Si content of martensite after PS/BH were lower than after IA. This data correlates well with TEM results showing the formation of some martensite/retained austenite islands in the DP steel after IA and PS/BH.
The precipitates formed in martensite volume of the sample, had clearly defined crystallographic structure of atoms i.e. clearly visible planes (Figs. 4(c)-(e) ). These rodlike carbides were aligned in three different directions and had an average radius of 3Ϯ0.5 nm. A representative compositional profile across a carbide is shown in Fig. 4(f) . The carbon content of carbides varied from 10 at% to 20 at% C, while the levels of Si and Mn were similar to the matrix composition (Fig. 4(f) ). These compositions are close to the composition of low temperature Fe 32 C 4 or Fe 4 C 0.63 carbides. Moreover, the maximum separation method revealed the formation of small carbon clusters in martensite (Fig. 4(c) ). The term "cluster" was used for the local segregation of ϳ20 to 100 carbon atoms, where there is no clearly defined crystallographic structure observed within the cluster.
Microstructural Characterisation of TRIP Steels before and after PS/BH Treatment Using TEM and APT
The TRIP steel contained ϳ70Ϯ3 % polygonal ferrite, ϳ20Ϯ3 % retained austenite and a small volume of martensite and bainite (Figs. 5(a) and (b) ). The ferrite grain size was 4Ϯ1.5 mm, which is less than half that of the DP steel. The average dislocation density in the ferrite was almost twice higher than in the DP steel (Table 3 ). The average carbon content of the retained austenite calculated by X-ray was 5.00Ϯ0.02 at%. The analysis of particles showed the formation of TiC with a cubic lattice structure and a lattice parameter of aϭ0.424 nm (Figs. 5(c) and (d) ). The average carbon content of ferrite in the TRIP steel after IA calculated using APT was 0.02Ϯ0.001 at%. This value was significantly lower than in the ferrite of the DP steel. The Si content of ferrite in the TRIP steel was also higher than the average from the steel composition, while the Mn content was lower (Table 4 ). Compositional analysis of several atom maps confirmed the presence of retained austenite in the TRIP steel (Table 4) . Based on the carbon content and the size of retained austenite islands, two types of retained austenite were identified: (i) coarse and (ii) retained austenite in bainite. APT of coarse retained austenite revealed a uniform redistribution of carbon within the volumes with an average carbon content of 4.6Ϯ0.02 at%, which is close to the value calculated by X-ray. This retained austenite is proposed to have formed between polygonal ferrite grains. Several atom maps showed the areas, which can be described as a mixture of carbon-enriched (5.1Ϯ0.2 at%) and carbon-depleted (0.2Ϯ0.03 at%) regions (Figs. 6(a) and (b) , Table 4 ).
It appears that the carbon-depleted region in this island represents bainitic ferrite, while the carbon-enriched region is retained austenite located between the bainitic ferrite laths. A very important observation is that bainitic ferrite was characterised by a significantly higher carbon content (ϳ0.2 at%), lower Si content (ϳ2.8 at%) and higher Mn (ϳ1.5 at%) level than the polygonal ferrite ( Table 4 ). The compositional profile across the retained austenite/bainitic ferrite interface showed that there was no segregation of C, Mn and Si to the interface (Figs. 6(c)-(e) ). The absence of partitioning of the substitutional elements between the retained austenite and bainitic ferrite is consistent with other work 23) related to a diffusionless type of austenite to bainite transformation. Moreover, the absence of carbon segregation indicates that the interface is semi-coherent, with a high degree of coherency. 24) The retained austenite in bainite had a plate-like shape with an average thickness of 16Ϯ2 nm (Figs. 6(a), (b) ) and slightly higher carbon content than the coarse blocks of the RA, which would be due to further carbon enrichment during the bainite transformation.
The PS/BH of the TRIP steel led to a decrease in the volume fraction of retained austenite to 12Ϯ1 % and an increase in the average dislocation density of polygonal ferrite (Table 3 ). The most affected grains were in the vicinity of martensite crystals (Fig. 7(a) ). Since the volume fraction of martensite after IA of the TRIP steel was low, it is likely that these martensite crystals are formed during PS by strain-induced transformation. The formation of dislocation cells in the polygonal ferrite grains in the vicinity of martensite islands was also observed in the TRIP steel (Fig.  7(b) ). Some of the martensite crystals contained twins as did some of the retained austenite crystals (Figs. 7(a), (c) ). PS/BH led to the formation of iron carbides between the bainitic ferrite laths in the TRIP steel (Fig. 7(d) ).
As mentioned above, the study of solute segregation during BH using APT is experimentally difficult to perform and in some cases, unsuccessful. Nonetheless, several carbon atom maps of the TRIP steel after PS/BH from different directions showed the segregation of carbon to par-ticular atomic planes within the sample volumes (Figs.  8(a)-(f) ). These planes cross the samples at different angles (Figs. 8(a), (b) ).
The compositional analysis of the matrix revealed that this segregation was in the retained austenite, which contains average carbon content of 4.2Ϯ0.1 at% ( Table 5 ). The concentration profiles across these planes showed carbon enrichment to 6.5Ϯ0.5 at%, while the Si and Mn concentrations were similar to those in the matrix (Fig. 8(g) ). The average thickness of these planes was 1Ϯ0.2 nm. As mentioned above, TEM proved the formation of austenite twins during PS as a result of plastic relaxation (Fig. 7(c) ). Moreover, the previous TEM study 12) of the bake-hardening behaviour of the TRIP steel has also shown the formation of two set of deformation microtwins with preferential zone axis of ͗110͘ g and twin plane of {111} g or zone axis of ͗112͘ g and {111} g twin plane within some of retained austenite islands. Based on the TEM and APT data, it was speculated that the segregation of carbon occurred during BH to the twin planes formed in retained austenite as a result of PS. It worth emphasizing that it is extremely difficult to obtain the crystallographic information from APT data. Although in selected cases, it is possible to determine the distance between the planes in the matrix, in our case g-Fe, and find their orientation, which allows to define the twin plane orientation. Figure 9(a) shows the Fe map and determined distance between the Fe atomic planes to be 0.2 nm. It appeared to be the d-spacing between {111} g planes. Since one of twin plane with carbon segregation is parallel to {111} g (Fig. 9(b) ), it makes possible to determine the crystallographic orientation of this twin plane, which is also {111} g . The angle between the twin planes with carbon segregation was measured using several atom maps and was ϳ35Ϯ4°. Taking into account the experimental error, it could be suggested that these twin planes represented (111) g and (111) g intersecting at 39.5°. The formation of similar twinning substructure containing two sets of deformation twins on two intersecting {111} g planes has been reported 25, 26) for TWIP steels. Compositional analysis of ferrite in the TRIP steel after PS/BH did not find any changes in the levels of elements (Tables 4 and 5 ).
Discussion
As mentioned above, the classical explanation of the BH behaviour in steels is based on unlocking of mobile dislocations in ferrite by a high stress during straining or, in the case of very strong pinning, by creating new dislocations at the points of stress concentration. For the DP steel, the main factor that might affect BH is the formation of mobile dislocations in ferrite near by martensite/ferrite interface as a result of the volume expansion accompanying the austenite to martensite transformation during quenching. APT after PS/BH showed segregation of carbon to linear features, which are believed to be as dislocations, in ferrite of DP steel. Hence, the presence of the upper yield point on the stress-strain curve of DP steel after PS/BH and an increase in yield strength could be a result of unlocking of the mobile dislocations in ferrite, that were pinned by carbon atmospheres around dislocations. APT also confirmed the formation of rod-like carbides in martensite after the PS/BH with a composition close to the composition of low temperature Fe 32 C 4 or Fe 4 C 0.63 . The conventional e carbides (ϳ30 at% C) were not observed by APT. This correlates well with the results published by Abe on formation of carbides in martensite during BH.
27) The explanation for carbide formation could be that the PS leads to a rapid stressinduced ordering of solute carbon atoms into preferred positions according to the stress fields of the dislocations. 27) Then the stress-induced migration of carbon atoms towards the dislocation could occur at the BH temperature with additional carbon atoms migrating to the dislocations to form fine particles. The dislocations in martensite provide suitable sites for the formation of carbides at 175°C. One further point that should be noted is that 30 min is sufficient time for carbon to move to the dislocations in martensite and form carbides. The formation of low temperature carbides during decomposition of martensite as a continuos process has been also observed in thermomechanically processed TRIP steel after PS/BH. 28) It starts from the formation of carbon clusters as precursors to carbide formation and ends with the formation of equilibrium Fe 3 C carbide. The formation of these carbides would contribute to the increase in tensile strength after PS/BH. As mentioned above, TEM and APT confirmed the presence of retained austenite/martensite constituent in the microstructure of the DP steel and decomposition of martensite component during BH, while the retained austenite remained stable. It could be speculated that carbon from martensite could diffuse to austenite during BH, since the solubility of carbon is much greater in austenite than in ferrite (martensite). This would lead to an increase in the chemical stability of the retained austenite during BH treatment and its stability towards strain-induced transformation. The importance of the APT study for the TRIP steel after IA is that the information on phase compositions of all phases could be obtained. The average carbon level of retained austenite calculated by XRD and APT showed quite similar results; 5 at% and 4.85 at% respectively. The carbon content of retained austenite calculated using ThermoCalc ® software 29) at 400°C (T 0 ) was 4 at%, which is lower than those measured by XRD and APT. This could be explained by partitioning of carbon to retained austenite during the bainite transformation.
It appeared that the BH behaviour in TRIP steel is mainly defined by the formation of the dislocation cell structure in ferrite and high carbon content of ferrite (Table 4 ). This could be presumably associated with an additional effect of retained austenite to martensite transformation and austenite twinning during PS that increases the number of mobile dislocations in ferrite. The stress-strain behaviour of the TRIP steel after the PS/BH treatment showed that a larger strain was required to achieve the work-hardening region of the stress-strain curve. The assumption implies that it is un-© 2010 ISIJ showing the carbon segregation to the atomic plane in retained austenite island in the TRIP steel after PS/BH treatment, selected carbon atom maps shown in (a) in two perpendicular directions (c and e) and corresponding 7.5 at% C iso-concentration surfaces (d and f), and compositional profile across retained austenite island (g). likely that the yield point in the TRIP steel after PS/BH occurred due to the locking and unlocking the dislocations by high stress. Alternatively, the flow stress was reduced due to generation of new mobile dislocations in the ferrite. One important point worth mentioning is that APT verified the segregation of carbon to particular planes in the austenite after PS/BH. The segregation of carbon to the defects such as dislocations or twins in the retained austenite has been recently observed in the martensitic and bainitic steels. 23) 
Conclusions
The study of the bake-hardening mechanism in the multiphase TRIP and DP steels using advanced microscopic techniques has proved that the more pronounced bake-hardening response in the DP steel could be associated with carbon segregation to dislocation in ferrite. The bake-hardening treatment leads to formation of low temperature carbides and carbon clusters in martensite of the DP steel and the segregation of carbon to the microtwins in the retained austenite of the TRIP steel, which could, in general affect the strength-ductility balance of both steels.
